The sequences at the splice junctions of many early region 4 (E4) mRNAs from adenovirus 2 (Ad2) were determined by analysis of cDNA clones. The cDNAs were synthesized from polylAVt-mRNA isolated from HeLa cells early during Ad2 infection.
INTRODUCTION
Transcription of the Ad2 genome early after infection involves five transcription units designated Ela, Elb, E2, E3, and E4 (1) . Each unit contains its own promoter and leads to multiple mRNAs by differential splicing of a single linear transcript of the genomic sequences (2, 3) . Many of the RNAs have been accurately mapped by Si analysis and/or electron microscopy (4-6). Chow, Broker & Lewis (6) described 6 mRNAs designated E4a-f. A seventh mRNA was seen by Si analysis (4) which is referred to as E4g in this text. In many cases exact splice junctions have been identified for both early and late mRNAs by sequencing cloned cDNAs (7) (8) (9) (10) (11) . EM and Si mapping has revealed that the E4 mRNAs are the result of a complex series of splicing events, however the exact splice points have not been reported previously.
At a functional level, rather little is known about early region 4. In vitro translation studies have suggested that as many as 16 different polypeptides may be encoded by this region (12) (13) (14) , but the role that these proteins might play in 0.06% of the total poly(A) cytoplasmic mRNA (22) . This level can be increased to about 1% by the addition, at early times, of cycloheximide or anisomycin, which are potent inhibitors of protein synthesis (23, 24) .
In this paper we report on the characterization of a large number of E4
cDNA clones. Sequence analysis revealed the splice junctions for most of the major E4 mRNAs as well as several of the minor ones.
MATERIALS ANH METHODS
Isolation of mRNA.
HeLa cells growing in suspension cultures at 5 x 10 cells/ml were infected with an Ad2 stock at an m.o.i. of 100. At 3 hours post infection, anisomycin was added to a final concentration of 10 /jg/ml and the cells were allowed to grow for a total of 7 or 8 hours (referred to as 3-7 or 3-8 anisomycin mRNA respectively in the remainder of this text). The cells were collected and total cytoplasmic RNA isolated as described previously (25) . PolytA) containing mRNA was isolated by oligo-dT cellulose chromatography (26) .
Construction of cDNA clones.
cDNA cloning -standard procedure : The initial cDNA library was made according to the sequential linker addition method developed by Hanahan and Fiddes (28) and described in Helfman et al. (28) except that £coRI and SamHl linkers were used. The high efficiency transformation protocol of Hanahan (29) was used to make all of the cDNA libraries.
cDNA cloning -modified procedure : Fifty micrograms of pBR322 DNA were digested with i/indlll and Sali and the small fragment removed on a 5-20% Thirty micrograms of mRNA were preincubated with 2mM CHjHgOH for 5 minutes at room temperature and then 2-mercaptoethanol added to 75 mM to chelate the mercury. The cDNA was synthesized in a mixture containing 50 mM Tns.HCl pH 8.3, 100 mM KC1, 6 mM MgCl2, 10 mM dithiothreitol, 1 mM each dATP, dCTP, dGTP and TTP, 10 ng of oligo-dT, (Collaborative Research), 200 units of RNAsin (Biotech), 0.5 mg/ml of Actinomycin D, 50 uCi of P dATP (Amersham) and 80 units of reverse transcnptase (Life Sciences Inc.). The reaction was incubated for 1 hour at 42°C and stopped by the addition of 22 /J of 3N NaOH and 100 mM Na2EDTA, and incubating overnight at room temperature. The base was neutralized by the addition of 5M Na-acetate pH3.5, and the reaction extracted with phenol, precipitated with ethanol, resuspended in 50 fA of 10 mM Tns.HCl pH 7.5, 1 mM Na2EDTA (TE) and passed over Sephadex G-75 to remove unincorporated nucleotides.
Two /4j of cDNA were incubated with 2 /jg of the oligo-pBR322, and annealed at 37 C for 2 hr in a 25 fi reaction containing reverse transcriptase salts (50 mM Tns.HCl pH 8.3, 100 mM KC1, 6 mM MgCl2>. Then 2.5 ^1 of 10X reverse transcriptase salts, 1.25 /J each of 20 mM dATP, dCTP, dGTP, and dTTP, 1 ^1 of 0.5 M dithiothreitol, 100 units of reverse transcriptase and 11.5 jjl of H2O were added and the synthesis carried out at 37 C for 90 min. Five ^1 of 0.66 M Tns.HCl pH 7.2, 70 mM MgCl2, and 1000 units T4 DNA hgase were added, the reaction diluted to 100 /J and the mixture incubated at 4°C for 1-3 days. Following precipitation with ethanol the DNA was resuspended 10 50 iA of TE and used to transform E. coli DH1 cells, (29) .
Oligonucleotide synthesis : Oligonucleotide synthesis was carried out on a Biosearch DNA synthesizer using the triester method (40), with reagents obtained from Biosearch. The final products were separated by electrophoresis on a 20% polyacrylamide/urea/TBE gel and the desired oligonucleotide eluted with water and recovered by ethanol precipitation.
Screening.
For the initial screening of the DNA libraries, the Xba\-C fragment of Ad2 was nick translated (30) and colony hybridisation was performed as described previously (3D.
Positive clones were picked and 2 ml cultures grown overnight.
Plasmid DNA was prepared by the alkaline denaturation procedure (32) . DNA Two microliters from each annealing reaction were used in a single channel sequencing reaction using the chain termination procedure (33) . The reactions were fractionated by electrophoresis on thin 8% polyacrylamide/urea/TBE gels.
For determination of the splice points standard four channel sequencing reactions were carried out (33) .
Northern hybridization.
Three micrograms of poly(A) mRNA isolated from Ad2 infected HeLa cells treated with anisomycin were electrophoresed on a 1.8% denaturing agarose gel prepared as described previously (34) . The mRNA was transferred to nitrocellulose paper, prehybridized in 5X SSC, 2X Denhardt's buffer containing 20
calf thymus DNA and 50% formamide and hybridized for 18 hr in the same at 43 C using nick translated Ad2 Xbal-C fragment as end-labeled pBR322 DNA fragments were used as size markers.
buffer at 43 C using nick translated Ad2 Xbal-C fragment as a probe. Denatured
RESULTS

E4 mRNAs.
To make certain that a full complement of (E4) mRNAs were included in the preparations used for cDNA synthesis, several preliminary tests were carried out. mRNA was prepared from Ad2-infected HeLa cells treated with anisomycin at 3 hours post-infection and harvested at either 7 or 8 hours post-infection.
The quality of the E4 mRNA was assessed by Northern hybridization using nick translated Ad2 Xba\-C fragment to probe both preparations. The remits, shown in Figure 1 , are virtually identical with those reported previously (14) and indicate that the mRNA preparations do not differ significantly from those analyzed elsewhere. In addition these mRNA preparations as well as one made in the presence of cycloheximide were analyzed for their ability to program protein synthesis in vitro. E4 specific mRNAs were first hybrid selected, Figure 1 . Northern analysis of raRNA used in the production of the cDNA libraries The conditions used in this experiment are described in the text. The probe is nick translated Xbal-C fragment isolated from Ad2. Lane A is 3L$> of total RNA isolated from Ad2 infected HeLa cells at 8 hours postinfection. Lane B is 3 ug of total RNA isolated from Ad2 infected HeLa cell at 7 hours postinfection
In both cases 10 iJg/ml i-971 of anisomycin were added to the cells 3 hours 700-800-^^B^^l after infection with the virus. The markers in lane M were produced by three separate double digests of pBR322 which were then end labeled with Klenow and o [32P] NTPs. The double digests were EcoR\-Sal\, EcoRl-Nrul, and EcoR \-Pvu\ I.
translated in a rabbit reticulocyte system and the final protein products displayed on a \2% polyacrylamide gel. An identical E4 protein pattern was seen for each of the different RNA preparations (data not shown) and the results were identical with those published previously (14) . cDNA cloning.
Initially a cDNA library containing 8000 recombinants was prepared by the sequential linker addition method (27) , using mRNA isolated early after Ad2 infection of HeLa cells. The Ad2 Xba\-C fragment (coordinates 88.3-100%) was used as a probe and 80 colonies were found to contain E4 sequences. The cDNA inserts of these clones were sized on agarose gels and a preliminary characterization by restriction analysis was carried out.
Complete inserts or subfragments were cloned into M13mp8 or Ml 3mp9 for sequence analysis. From this analysis the 5' leader sequence was found in only four recombinants. The exact splice points between the leader and the second exons in these clones were determined from the sequence.
Analysis of the cDNAs cloned in the opposite orientation gave the 3' coordinates for the clones and allowed the poly-A addition site to be determined. By kjiowing the 5' and 3' coordinates of the inserts, together with their sizes, the presence or absence of internal splices could be assessed. Partial restriction mapping of the clones sufficed to locate the positions of these internal splices and suitable fragments containing these splice junctions were subcloned into M13 and sequenced. The results obtained are summarized in Table I and Figure 5 . Modified r.lnning protocol.
It was clear from these initial results that a cloning scheme was needed that would yield a larger percentage of E4 recombinants containing the 5' leader sequence.
This was achieved using the procedure outlined in Figure 2 . A modified plasmid vector was synthesized that contained a long 3' single stranded extension that was homologous to a portion of the leader sequence, present on synthesized in the usual way, by oligo-dT priming. The modified vector was added to the population of cDNAs with the idea that it would serve as a primer for synthesis of the E4-specific subset of the population.
In this way only those E4 cDNAs that were close to full length would contain the necessary sequences to allow priming by this vector and so would be enriched in the final population. Following synthesis of the second strand using reverse transcriptase,
the resulting molecules were blunt ended with Klenow and circularized with DNA hgase.
The oligonucleotide chosen to prime second strand synthesis needed to be covalently attached to the plasmid vector and for this purpose we took advantage of the fact that at nucleotides 13 to 16 of the E4 leader the sequence TCGA was present. This is identical with the cohesive terminus present on Sail fragments. Consequently an oligonucleotide (2O-tner), corresponding in sequence to nucleotides 13 to 32 of the 5' E4 leader sequence was synthesized.
Direct ligation was attempted between the single-stranded oligonucleotide and pBR322 linearized at the Sail site, but only limited success was achieved (Figure 3) .
Therefore a second oligonucleotide (11-mer) was synthesized that was complementary to a part of the 20-mer such that a duplex would form on both sides of the tetranucleotide duplex to be joined (Figure 2) . To prevent joining of this second oligonucleotide, the Sail-cut pBR322 was treated with alkaline phosphatase prior to carrying out the ligation reaction. In the presence of this second oligonucleotide ligation occurred efficiently, showing that T4 DNA ligase is sensitive to the presence of duplex on both sides of the nucleotides to be joined.
Normally during cDNA synthesis hairpin structures, that can serve as primers for second strand synthesis, form at the 3' end of the cDNAs, however their formation can be inhibited by actinomycin D (35) . We found that there was a 3-to 5-fold increase in the number of E4 positive clones when actinomycin D was present in the reaction mixtures during first strand synthesis.
A variety of conditions for annealing the oligo-pBR322 to the cDNA seemed to be satisfactory, however, preannealing for 2 hr at 37 C in 0.1 M NaCl, 10 mM Tns.HCl pH 7.5 and 1 mM Na2EDTA yielded the best results.
Reverse transcriptase was used for second strand synthesis and this proved to be essential to obtain a high percentage of positive recombinants. When the Klenow fragment of DNA polymerase I was used in place of reverse transcriptase, less than 0.5% of the colonies were found to contain E4 sequences. This decrease is presumably due to the 3' exonuclease activity of the Klenow fragment which could remove all or part of the oligonucleotide from the plasmid, leading to decreased priming efficiency and eventually allowing the vector to recirculanze.
Following second strand synthesis and blunt ending the newly generated ends with Klenow it was found that blunt end ligation to recirculanze the plasmid proceeded very inefficiently. This was most likely due to the presence of the dephosphorylated Hindi]] site and so to regenerate a 5' phosphate the plasmid was cleaved with EcoKl prior to polishing with Klenow. The result of using the modified cloning scheme outlined in Figure 2 was dramatic. Large numbers of recombinants were obtained and between 15 and 50 percent of the colonies were found to contain E4 sequences. One such library, used for the studies described below, contained 5-6000 colonies of which more than 1000 contained E4 sequences.
Initially the library was screened by isolating small quantities of plasmid CM CM IT) Figure 
4.
Positive clones were rapidly screened by single track sequencing following selection of the E4 cDNAs by colony hybridization.
This was accomplished by making mini-plasrtud preps of each clone, linearizing the DNA and sequencing using the 20 base long oligonucleotide as a primer. The autoradiograph is an example of one such gel using T reactions in which several oi the cDNAs are shown. Differences are easily detected and often splice sites were determined unambiguously by comparing single track reactions with the known genomic sequence. The clone marked pGY2» contains extra bands due to a mixture of DNAs, one of which is missing one of the 7 T's at the bottom of the gel. This shortened sequence is also seen m two of the three pGY5 clones shown. § §£_ .5 DNA (32) , and then running single channel dideoxy sequencing reactions primed by the 20-mer used for the preparation of the modified vector.
Up to 40 different plasmids could be conveniently analyzed at a time. An example of one such gel is shown in Figure 4 . Unique clones were identified and then sequenced in standard four channel reactions and the splice junctions between the leader and the second exon were obtained by comparison with the known Ad2 sequence (36) . One problem that was immediately evident was that between 70 to 80% of the clones obtained corresponded to the smallest of the E4 mRNAs, E4e, previously characterized by electron microscopy (6) .
Consequently the library was rescreened, using probes that would not hybridize to E4e. A mixture of 2 fragments, the BglU-L fragment (94.9-95.7%) and the BglU to Smal fragment (95.7 to 98.4%), were used for this purpose. Approximately 200 clones selectively hybridizing to these probes were picked and screened by the single channel sequencing method described above. A summary of all clones obtained is shown in Table I and Figure 5 . Acceptor differences at _tlie_ second intrnn.
To examine the nature of the splice junction at the second uitron a 15 base long oligonucleotide (GCACTCCGTACAGTA) was synthesized that was complementary to sequences near the intron at 94.3%. Some eighty clones that spliced to the leader sequence at nucleotide number 1853 were sequenced using this oligomer in single channel reactions. No differences were detected and in all cases the donor splice site was at nucleotide 2034 and the acceptor splice site at nucleotide number 2743.
Further, a total of approximately 60 clones picked from all of the mRNA classes described were primed with this oligomer and sequenced.
Except in those cases where this intron was not removed, all but one shared the same common donor and acceptor splice sites.
The one exception was found in a clone from the first library, pGY9 (Table I and Figure  5 ).
This mRNA shares the donor splice site at 2034 but has a different acceptor site at nucleotide number 2652.
Unfortunately this clone ends at nucleotide number 1550 and does not contain the 5' leader sequence.
DISCUSSION
This paper describes experiments to characterize, at the sequence level, the splice junctions present in early region 4 mRNAs of adenovirus 2.
Initially cDNA libraries were prepared, using the sequential linker addition method (27) , and clones containing E4 sequences were identified by colony hybridization.
Although many long cDNAs of greater than 1500 base pairs were found, only 4 out of the 80 extended into the 5' leader, making this library unsuitable for extensive analysis of the splice junctions between the 5' leader and the second exons. However, most of the clones contained intact 3' ends and, of 12 clones that were sequenced, 10 contained poly-A. From these results, the poly-A addition site for E4 mRNAs is located at base 3136 or 3135 from the right end of the genome. The ambiguity results from the presence of two A residues in the genomic sequence at these locations.
Because so few of the cDNA clones from this first library contained intact 5' leader sequences, a second library was prepared using a new procedure designed to select for clones containing the leader sequence. In this procedure cDNA was prepared in the usual way by oligo-dT priming, but second strand synthesis was carried out by priming with an oligonucleotide that was homologous to a portion of the desired 5' leader sequence.
This oligonucleotide had previously been covalently linked to the pBR322 vector into which the cDNA was to be cloned.
The procedure proved rather straightforward and resulted in a high percentage of desired recombinants.
However some disadvantages were noted, such as the small size of inserts obtained and the consequent selection for cDNAs, such as pGY8, corresponding to the smallest known E4 mRNA. This contrasts with the cDNAs selected in the first library in which pGY8 was not present.
This may be because, after first strand synthesis, the corresponding cDNA is unable to form a hairpin at its 3' end and so cannot prime second strand synthesis. This in turn would favor its use as a template for priming by the oligonucleotide during the construction of the second library. Nevertheless, despite these limitations the method gave a large number of desired clones and the procedure proved to be extremely rapid since the number of manipulations are kept to a minimum.
Among the clones found in the two libraries are representatives of all of the major splice junctions previously characterized by electron microscopy. The only known splice junction not present in our collection is the one found in E4g mRNA, which was originally characterized by Si nuclease analysis (4). This mRNA has been cloned by Petterston et al. (unpublished results). In addition, no full length clones were found that contained an intact version of the large intron from nucleotides 2034-2746 although a number of clones lacking the 5' leader sequence from the first library contains these sequences. Such mRNAs, E4a and E4b, have been characterized by EM and Si analysis (4-6). Their absence may be due to problems with secondary structure in copying these sequences with reverse transcriptase or may reflect an extreme bias against very Jong transcripts during our cloning procedures.
In addition to these clones, corresponding to known mRNAs, we have found five clones that are derived from new mRNAs. We have designated the clones pGYl, pGY2 etc. (Fig. 5 and Table  1 ) according to the splice junctions represented in each and they are discussed individually below.
Throughout this discussion nucleotide numbers refer to the genome sequence given in reference 36. pGYl This cDNA comprises sequences from between coordinates 99% and 97% and contains no introns. It is derived either from the 5' end of E4f mRNA or the 5' end of the initial E4 transcript. Translation from the first AUG (nucleotide 406) in this clone would give rise to a polypeptide of 128 amino-acids (14.3Kd). pGY2
These cDNAs contain the 5' leader sequence from coordinate 99% joined to a second exon containing nucleotides 1203 to 2034 and a third exon containing sequences between nucleotide 2746 and the poly-A addition site at nucleotide 3136. They correspond to the mRNA designated E4c. The first AUG (nucleotide 1232) in this mRNA lies at the start of a long open reading frame predicted to encode a polypeptide of 116 amino-acids (l3.3Kd). This is the 11K polypeptide of Sarow et al. (15) . pGY3
These cDNAs appear to be more highly processed versions of the pGY2 clones.
In addition to the introns removed from the pGY2 clones they have also lost an intron between nucleotides 1332 and 1856.
This causes the disruption of the long open reading frame, found in pGY2, after only 34 amino-acids.
Beyond the splice the reading frame changes and a UAG terminator is encountered after 27 additional amino-acids, leading to a polypeptide of 61 ammo-acids (7.1Kd). The second AUG (nucleotide 1286) lies in this same reading frame, while the longest open reading frame present in this mRNA would begin at the third AUG (nucleotide 1861) and would give rise to a polypeptide of 150 amino-acids (17.1Kd) . This is the polypeptide expected to be the translation product of the E4e mRNA (pGY8). pGY4
Like pGY3, these cDNAs also appear to be more highly processed versions of the pGY2 clones.
In this case a smaller additional intron is removed between nucleotides 1332 and 1503. Both examples of these clones extend only into the third exon.
If translation were to begin at the first AUG then the polypeptide produced would contain the first 34 amino-acids of the long open reading frame found in pGY2, but like pGY3 the new splice causes a frame shift and after only one additional codon a UGA terminator is encountered. The resulting polypeptide would only contain 35 amino-acids (4.1Kd). The second AUG (nucleotide 1286) lies in this same reading frame, while the longest open reading frame present in this mRNA would begin at the third AUG (nucleotide 1596) and would lead to a polypeptide of 114 amino-acids (13.3Kd). This is the polypeptide expected to be the translation product of the E4d (pGY5) and E4b mRNAs. pGYS These cDNAs contain the 5' leader sequence from coordinate 99% joined to an acceptor splice site at nucleotide 1503. None of the five clones isolated contain sequences beyond coordinate 94.5%. They must be derived from either the E4b or E4d classes of mRNAs. These mRNAs differ only by the presence (E4b) or absence (E4d) of intron sequences located between coordinates 94.3% and 92.4%. In either case the first AUG (nucleotide 1596) in these mRNAs is at the start of a long open reading frame encoding a polypeptide of 114 amino-acids (13.3Kd). pGY6
These cDNAs contain the 5' leader sequence from coordinate 99% joined to an acceptor splice site at nucleotide 1609. The second exon extends through nucleotide 2034, which is spliced to a third exon beginning at nucleotide 2746 and extending to the poly-A addition site at nucleotide 3136.
A corresponding mRNA has not been described previously.
The first AUG (nucleotide 1646) in this clone lies at the start of a very short reading frame of 21 amino-acids (2.0Kd).
The next three AUG's are followed by terminators after 12, 4 and 2 codons respectively. The fifth AUG (nucleotide 1861) precedes the longest open reading frame in the sequence and would lead to a polypeptide of 150 amino-acids (17.1Kd ). This is the same polypeptide that is expected to be the translation product of the E4e mRNA (pGY8). pGY7
These cDNAs contain the 5' leader sequence from coordinate 99% joined to an acceptor splice site at nucleotide 1697. The second exon extends through nucleotide 2034, which is spliced to a third exon beginning at nucleotide 2746 and extending to the poly-A addition site at nucleotide 3136.
The first AUG (nucleotide 1708) in this clone corresponds to the second AUG in pGY6 and would lead to a polypeptide of only 12 amino-acids (l.5Kd).
The further possibilities for translation of this clone are similar to those of pGY6. pGY8
These cDNAs contain the 5' leader sequence from coordinate 99% joined to an acceptor splice site at nucleotide 1856. The second exon extends through nucleotide 2034, which is spliced to a third exon beginning at nucleotide 2746 and extending to the poly-A addition site at nucleotide 3136. These cDNAs correspond to the E4e mRNA previously characterized by electron microscopy. The first AUG (nucleotide 1861) begins the longest open reading frame in the sequence and would lead to a polypeptide of 150 amino-acids (l7.1Kd). pGY9
This cDNA is an incomplete copy of its corresponding mRNA.
However it contains a novel spliced form of the common intron between 92.4% and 94.3%. The usual donor splice site at nucleotide 2034 is joined to a new acceptor at nucleotide 2655. As a result of this splice the reading frame which begins at nucleotide 1861 would contain the same N-terminal 58 amino-acids as are found in pGY8, but would continue for 24 amino-acids in a different reading frame beyond the splice. The final polypeptide would contain 82 amino-acids (9.0Kd). However it should be noted that because the 5' end of the mRNA is not represented in this clone an upstream reading frame may be the one that is translated In vivo.
From Figure 5 it is apparent that many different splicing patterns can result during the processing of the initial E4 transcript.
In essence the 5' leader can become joined to at least five different acceptors and in each case further splicing can take place either by the removal of the common intron between nucleotides 2034 and 2746 or by the additional removal of another intron with a donor splice site at nucleotide 1332. For all donor splice sites in this region at least two different acceptors can be used. If the splice observed in pGY9 can also be present in other mRNAs then even greater complexity can result.
With the mRNAs that we have found, almost all of the large open reading frames of E4 are utilized (see Fig. 5 ). The one exception is the largest open reading frame in this region of adenovirus 2 that lies between nucleotides 1758 and 2742. Based on the in vitro translation studies one would predict that this open reading frame is utilized to produce the large polypeptides of greater than 20 Kd of which several have been reported. Again, as in the case which was described earlier in the text, the mRNA sequence data does not necessarily support the findings of the in vitro translation data. Furthermore, these same studies of E4 translation products have reported that as many as twenty different polypeptides are apparently being produced (12, 13, 14) . However, only seven mRNAs had previously been characterized and it seemed possible that this discrepancy would be due to differential splicing in the manner proposed by Galibert el al. (37) .
From our results this seems unlikely as even in those cases where new mRNAs have been characterized they do not lead to the prediction of new polypeptides. Rather they suggest either that the process leading to splicing in early region 4 is sloppy or that the selection of which AUG is used to initiate translation can be influenced by the detailed arrangement of sequences within the mRNA.
